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31 August 1964 °

RK:bb:406
(997-112)
MEMORANDUM FOR THE RECORD
By:
Subject: Influence of Coherence Upon Images in the Microdensitometer
CccC:
INTRODUCTION

This memo reports the results from several investigations which have

. . S . 2 .
_ been undertaken on Project Microcap since a previous memo. The areas in-

vestigated include: 1) edge objects possessing finite resolution, in particular
trapezoidal objects, 2) theoretical evaluation of the modulation transfer functions
determined from sine-wave test charts and edge traces, and 3) the use of a
coherent light source (laser) in the microdensitometer including the influence of
the width of the illuminating slit.

The reason for investigating trapezoidal objects is simply that sharp
edges do not occur in real test objects used in the microdensitometer and, conse-
quently, it is desirable to confirm the conclusions stated in the previous memo

for edge objects having a finite resolution,

In current usages a microdensitometer usually employs partially

STAT

coherent illumination of the test object. Consequently, the usual methods of forming

the MTF (modulation transfer function), i.e., from edge traces or sine-wave test

charts, are not valid and at best can be considered a useful approximation. The

Unless it is indicated otherwise.

2 | |Resu1ta of Theoretical Studies of the Influence of the Degree of

Coherence Upon Images of Edges, RK:bb:283, 22 June 1964, Revised-9 July 1964,
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purpose of the investigation in this area was to determine what theoretical results can

be expected from both methods and to determine if both methods yield similar results.

The final area of investigation reported in this memo was performed with
the intent of gaining information about two problems simultaneously. These problems
concern the consequences upon edge traccs of employing a laser source (coherent
source) and the influence of width of the illuminating slit upon the microdensitometer
output. When the illuminating slit becomes small({i. e., comparable to the diffraction
limit of the microscope), the microdensitometer is no longer an imaging system so
that changes in its output arc possible.

Fach of these investigations will be discussed in more detail in the following
sections,
TRAPEZOIDAL OBJECTS

The amplitude transmittance of this object is assumed to be:

I (O o]
FaBS 0% UEs
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Figurec 1 is a graph of the intensity transmittance of this object. The corresponding

object amplitude spectrum is

N - 1(\—%4-5\),7
O(m n) = 2'59 S(r CC‘SRWE)’Y’] “Z COSK%’#S))?] e, ¢ 2
‘m

Following the procedure outlined in the previous memo, 2 the intensity in the image
may be found by performing two integrations. As in all the previous cases, the final
integration involves sine and cosine integral functions and must be done numerically.

In this case3, this integral has the form:

€ 2 2
Tw) =K { [Rg(qﬂ + [Imm] } dy (3)
' Ze

3 . .
For convenience the system is assumed to possess square apertures and square

effective sources, i.e., -§(x,j}=l for Ixi£1 AY14)  and A(x,y):a‘—ﬁ_ 4o, lx;ﬂ.)tﬂse
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where

Re(¢\)= 2 COSrW"""S uJ l—x.‘ Sin[W'*u}LJ Sin %J }

2 cos Eld +2S. uthxj :nn[‘.‘%@}{Hk- Sy %Edﬁt]

A P S A W £ S B P 0

l'f)‘

{ Qweas-u ] -.mi WH2s ~u'][l‘)<] + U.'Si U‘[I—XJ -[w +s—ujf:§:{\}vﬁ~u'j [f"xj
- [U«'* 5']'5( [u‘—S][i -x] +- [;\‘ +2$-u‘] Si [W+2$-u,’j[f'f i‘! -+ u’ Si U‘[H'}(]
A “A'] ﬁ;‘i:w -rSw&‘]E\ ‘.-X} - Eu.'~--€] Y EU’%}[‘*{;‘}

and

To@) =2 4 ST -w ]l sin[2es )i sin 300

l X

-2 Sin [_Vl’.%f% [H S\r‘[w‘”_ﬁl** :I'ST,I:HX]
+X

!

+ﬁ§[u’~(w+s)lt‘,a[u‘-{w +s§3{i-~x] spu-s]cifw s][ x| = {0~ 2s)] C-\[Eal (w+zsfl[|vx]
~ o Ci W ] = [ fwa )] €L -t +-33}[|+{<J ~fus]ce [u'-s][m]
+ (- (wrag)] G ['u’—(wrzs)j [H x] +u Ci o [ %] }

The intensity distributions were computed4 for values of S=1.0, 4.25

and 10,0, These rcsults for varying degrees of cohercnce (i.e., ratio of numerical

apertures of the condenser to the analytical objective) are shown in Figure 2 (a), (b),

and (c) respectively. As before, the expanded scale is also shown to indicate the

changes which occur in the edgegradients (Figure 3 (a), (b), and (¢) ). The results

support identical conclusions for finite resolution edge that were previously reported

for sharp edged objects. In addition, it is noticed that amplitude of the ringing de-

creases as the object becomes less sharp (i.e., larger S value) which is to be expected

Several of these cases were computed under
Internal Research Report No. 86-139,
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Figurc 4 shows the variation in edge gradient with coherence for all

classes of objects investigated. > It is noted that as the object becomes less sharp
the rate of change in the edge gradient with decreasing coherence shows a smaller
magnitude. Nevertheless, the gradient still decreases most rapidly in the region
frome = 0.8to & = 1,1, and therefore it appears desirable for edge scanning to
operate a microdensitometer with the ratio of numerical apertures of the illumi-
nating objective to the analytical objective of 0.8, In this mode of operation it should
be possible to increase the contrast and gradient of the edge traces without an in-

crease in ringing.

COMPARISON OF TECHNIQUES FOR DETERMINING A TRANSFER FUNCTION

In experimentally evaluating the modulation or contrast transfer function
of an optical instrument, it is customary to employ edge or sine wave inputs. Since
the system (in particular a microdensitometer) is not completely incoherent, the
problem was to determine the expected theoretical results from such measurements
of the transfer function. In employing edge inputs the problem was answered simply
by taking the existing theoretical edge images previously computed and using them
as inputs to the existing computer program for determining the transfer functions
from edge traces. This was done for the square aperture - rectangular object edge
with € = 1.0 (matched aperture), for the disk aperture - rectangular object edge with

€ = 1,0 and 0.8, for the trapezoidal object with S = 1.0 and matched objectives and
for the incoherently illuminated edge. The resulting modulation transfer functions

" are shown in Figures 5 (a), (b), and (c).

The transfer functions are plotted for a numerical aperture of 0.4 (20X
objective) only as a matter of convenience. If other numerical apertures are employed,
the frequency scale must be decreased or increased in a direct proportion to the numer-
ical aperture.. In Figure 5 (a) the rectangular aperture shows a high MTF than the disk
aperture, as is expected since it yields higher edge gradients. The transfer function
for the disk matched aperture ( € = 1,0) possess a lower modulation than the unmatched
disk apertures ( € = 0.8) for frequencies below 1000 lines/mm and a higher modulation

for frequencies above 1100 lines/mm. Since the image of the edge is sharper when '

The investigations of rectangular objects with disk apertures instead of square apertures

were carried out under the internal research program. The significant difference
between square and disk apertures is that the corresponding curves for the same
degree of coherence exhibit a larger edge gradient in the case of the square aperture.
This result can be seen in the figure.
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€ = 0.8 than when € = 1,0, the conclusion that a system which has a higher MTF
at high frequencies will produce sharper edges is not necessarily valid. Figure
5 (b) shows the transfer functions determined from the images of the incoherently
illuminated edge, the matched aperturc cases for the sharp edge (rectangular object)
and degraded edge (trapezoidal object). The dashed curve is the theoretical inco-
herent transfer function for a square aperture. It is a straight line passing through
0.5atw =1( v 728 lines/mm). The MTF labeled " 'incoherent! edge'' should
agrec cxactly with the dashed line. The fact that it does not arises from the error in
the numerical computation technique used in computing transfer function from edge
traces. In addition, both the sharp edge and the slightly degraded edge yield higher
modulations than the incoherent limit (compared to MTF from incoherent edge). The
sharp edge MTF exceeds the incoherent limit by 5% - 30% and the degraded ecdge MTF
exceeds the incoherent limit by 1% - 10% for frequencies below 600 lines/mm.
Therefore, the fact that onc cannot achieve a sharp edge for testing optical instru-
ments using partially coherent illumination may be an advantage in that the expected
result for a degraded edge may be closer to the incoherent diffraction limit than the
result for the sharp edge.

Figure 5 (c) also shows the MTF determinced from the image of a sharp
edge with matched disk apertures The other curves represent the influence of the
scanning aperture which was not included in the results present in 5 (a) or 5 (b). The
influence of the scan aperture is taken into account by counvolving it with the edge
image before finding the MTF or cquivalently by multiplying the MTF by E\'—:}r’&t&
spatial frequency (lines/mm)

where w = Wo Gy

and Wg = width of the scanning slit,

In order to examinc sine-wave inputs for computing the incoherent transfer
function of microdensitometers, it is assumed that the iptensity transmittance of the

object is given by:
T;_(u): K+ Cos wia lalces, K2l

where U is the reduced coordinate in the image plane and @ = (spatial frequency)x
(wavelength of light)/ numerical aperture. The image is examined by employing an
identical procedure as that used in the case of the edged objects reported in this and
the previous memo. The object amplitude spectrum is given by:

yad (4)

~40

A

Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1



-]
' Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1

This is a form of an clliptical integral and does not possess a closed form solution.

Consequently, the approximation is made that:

(K+cesw u}y‘ [V ( ”j’i} Coswu -—S-ka_ caswu TS Cosawu) (5)
and one finds that:
Olm) = €, Sw)+ c,[g(mm) +S(rrw~u>):§ + cz[g(m+zw) rd(m-2 wﬂ (6)
+Gy [ Stme3w) +8( m—s:ﬂ]
where .
G - "XLKB_ G= " it
°'=¢IT‘+';9‘<‘ C3 = ek

Again, by employing (6) and performing two integrations, onc may arrive at the intensity
distribution for the image. The modulation transfer function is determined by taking

the maximum and minimum intensities in the image and substituting them into:

K (Irrex. - Imirr.)

MTF(w) = (7)
I Theng, + Irr.';n,
It is observed that the intensity distribution of the image for 2w &2 is of the
form _ , ;
I'lw) = K +cCos ww
but in the region of O# w =} , the distribution distorts from a sinusoidal wave

between successive maxima and minima, The resulting MTF (&) for various values

of K are shown in Figure (6). It is noted that all the curves follow very closely to

the expected incoherent limit (line passing through 1.0 at w=¢ and 0.5 at w= j ), in
fact the curve for K = 10.0 is indistinguishable from the incoherent limit. The

reason for the better agreement comparedtothe theoretical incoherent transfer function
in the case of the sine-wave objects is simply that the distortion of the image produced
by employing matched aperture rather than a more incoherent illumination does not
affect the relative maximum and minimum intensities and consequently, does not appre-
ciably change the measured modulation. In the case of edge traces, distortion in the
image is reflected by a change in the MTF because it is dependent upon the intensity

distribution in the image, not at a few points, as in the case of the sine-wave images.

Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1
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Finally, one point which may already be obvious to the reader is that
although one may measure the incoherent transfer function (even when the system is
using partially coherent illumination of the object) by employing appropriate objects
(objects with sine-wave intensities appear to be best) the application of this derived
transfer function to determine the intensity distribution to other objects employed in the

system is in general not valid.

Coherent Illumination (Laser Source)

The problems investigated here concerns the effect upon edge traces
caused by employing coherent illumination in the microdensitometer (e.g., laser
source) and by decreasing the illuminating slit dimensions. When the illuminating
slit is wide enough to image the edge objects in the image or scanning plane (this is
the usual way the microdensitometer system is employed), the influence of employing
coherent illumination upon the intensity distribution” has already been determined.
(See previous memo, Figure 5) The problem, therefore, is to determine the change
in the edge tracc when a coherent source is employed with a narrow (but finite)
illuminating slit. The method of analysis employed in this investigation differs from
the Hopkins' coherence thecory used earlier. Previously, it was assumed that the
light passing through the illuminating condenser was incoherent. In the case of a
coherent light source, this illumination will be coherent so that another method of

analysis must be employed. This method will be outlined briefly below, 7

The propagation of the mutual intensity function through a plane which
contains a modulating object whose amplitude transmittance is given by T{x)can be
shown to be given by the expression
r’lfrek(x' %) = r;t.\f;ua(;:l a )T( x(;)Tk(xl) (8)

. Recalling Equation (1) of the previous memo for the propagation of the mutual intensity

" between successive plancs which are relatively Fraunhofer,

3 o (0ag o) 9
[ (4 %) = KSS M58 e 5o, 9

The term edge trace refers to the output of the microdensitometer when the intensity
distribution is scanned by given effective aperture. Conscquently, the term intensity
distribution implies that the influence of the scanning aperture has not been taken into
account. )

Since the system is completely coherent, one could propagate the complex amplitude.
However, the more general approach (for any degree of coherence) is to propagate the
mutual coherence function. In the limit of complete coherence both techniques are

identical. o0 oved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1
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one has the necessary tools to propagate the mutual intensity through an optical system.

Consider the optical system shown in Figure 7 below,
conjugate planes

conjugate planes -
illuminating Analytical
objective objective

bi image
aperture stop olject N’ plane
; of ill. micgo- plang |
! scope \ ! ’L .
- LT I}']’ @
o PR A T " w — 1)
g illuminating - 2 A AN
! '
- 1 slit ) T ' T\ 1 ~
7 @ e : , entrance aper- : scanning
. @ x X %x"{4) ture of the ! aperture
6) imaging system X
conjugate planes
FIGURE 7
Microdensitometer Sy'stét/ﬂ's
" Let.  2m-= effective width of the illuminating slit (i. e. decreased by the magnifi-

cation of the microscope)
ad = effective width of the scanning slit

; Aa = width of system objectives (assumed to be equal for both the illumi-
nating and analytical objectives)

where all of these widths are assumed to be expressed in reduced coordinates., Using
Equations (8) and (9) to propagate the mutual intensity from planes @ to@ ,@ to ®,
etc., one may determine the mutual intensity function over the scanning slit,and,
conseguently, the intensity recorded by the photomultiplier. It will be assumed that
the object in plane@ is an edge and that it is moving in time so that the object ampli-
tude transmittance can be described by:

) a-st <’ <o
Ty (e = (9)
o otherwise

where 4, is the relative location of the edge at 1 = 0. The transmittances of the

stops or slits in the other planes arec assumed to be:

8 It has been assumed throughout the analysis that the illuminating objective plane

and the analytical objective plane are conjugate plane. This assumption will be discussed
in more detail in the last section of this memo,

Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1
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neef &
LX) g, (illuminating slit)

©  otherwnse

-7’-()(}!//): {

X} = Pl gq (illuminating objective assumed
, to be the aperture stop of the
oAbt ruls illuminating system)
T (x") _S [P YA {analytical objective is assumed
ql X /= Z“ oA et to be.aperturc stop of the
imaging system)
Ixt &
T (4 = g
e tthe P

The resulting cxpression for the intensity recorded on the photomultiplier,
I‘b“‘:mﬂ‘f)’ is given by
el -2

N4
{ = «
( 5{: ' :.‘_C‘.L“.::,){S (4w~ (‘(—m)]gyg de {10)

Teltm&) = A

W
where ¥=ax’ o =ax anrd Wit -afx C-f%)
Note that u'({-) 2»  is the "image" coordinate conjugate to the edge of the object.
- Equation (10) was solved by using an IBM 7044, The upper limit of integration on ¥
(i.e., infinity) can be reclaxed since the integrand decrcases very rapidly with increasing
h 4 [O( ] . The choice of the upper integration limit is dependent upon the
value of l (hali-width of the scanning slit). It was decided to set the limit equal to
201T+1 .’ Figure 8 contains the intensity distribution of the image for values of
m =1.0,3.0, 5.0, 10.0, and 100.0 for an infinitesimal width scanning slit. The
distributions all pass through 0,25 at W= 0. Initially (71 = 1.0), there is no ringing
in the image. As M is increascd ( m = 3.0), the image becomes sharper (i.e.,
larger gradient) and the ringing increases., At M= 5.0 the first maximum in the bright
side of the image is visible. Further increase in the illuminating slit { 7 = 10.0)
causes the first "minimum or dark fringe" to appear. Additional increases in the
slit width consequently cause the distribution to approach the cohercnt diffraction
pattern of an edge which is to be expected, At Y = 100.0 the pattern is identical (less
than 1/2% of deviation) to the coherent diffraction pattern (for infinite illuminating slit)

over the range of W shown in the figure. It is interesting to note that whenm = 3.0,

°) - .

At first the upper integration was sct equal to 1077+ L , the change in inters ity
occurring when the limit was set at 207+ L was found to be small (less than
1/2%).
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the intensity distribation has the highest gradient possible without possessing large
ringing. Conscquently, Figure 9 was plotted showing the influence of increasing, J: ,
the width of the scanning aperture when = 3,0. It is noticed that the initial increase
in the width produces a result which resembles the convolution of the image when

£ = o with the scanning aperture. However, once 25 only very small changes

in the intensity distribution in the imagé occur when the width of the scanning aper-
ture is increased. This simply indicates that once X = 5, 0, the photomultiplier is
collecting all the light available in the "image'. This indicates that unless the
scanning slit is small (equal to or less than the illuminating slit) it can be climinated
from the system for narrow illuminating slits (although the slit probably is desirable
in practice, to eliminate stray light).

Flgure 10 shows an expanded scale for ‘A betwecen-1.0 to 42, 0 of Figure

9 and is presented in order to show the decrease in edge gradient with increasing width

of the scanning slit for the » = 3,0 image.

CONCERNING THEORETICAL ASSUMPTIONS

The theoretical analysis presented in this and a previous memo have
assumed that the illaminating objective and the analytical objective lie in conjugate
planes, For example, when the tungsten light bulb is employed as the light source
in the microdensitometer system to illuminate a slit large compared to the airy disk
of the illuminating objective, it can be showulo that the objective aperture is inco-
herently illuminated and can be considered the effective source of the system, This
condition usually exists, However, the formulation of cohcrence theory developed by

nd employed in part of the analysis also requires that the effective source is
imaged in the entrance aperture of the imaging system or, in the case of the microden-
sitometer, that the illuminating objective (effective source) and the analytical objective
{entrance aperture) lic in conjugate planes. This assumption was also made in the
previous section, as indiccted in Figure 7. In order to justify this assumption,
imagine that a hypothetical lens exists just after the object plane in Figure 7 which
images the condenser aperture into the entrance aperture. For cohercnt illumination
this means that the object spectrum is formed in the cntrance aperture, In order to
compensate for the influence of the hypothetical lens upon the object (i. e., the light
beyond the object must be distributed as it is without the ficticious lens), assume that
the object transmittance includes a compensating phasc factor which isgven by e‘¢7(‘4)

10 M. Born and E. Wolf, "Principles of Optics, " (Pergamon Press, 1964), 'pp. 518-520,

S5.C. Som, Optica Acta, 10, 179,
Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1



N\

005/05/02 : CIA-RDP78B04?70A90230_0030031

“24-

”..:.i; - ,s#x;.(tl -s»?...r?._i...l.« x
| : ‘, . _ U | N , P B} R
= - T : . i i
. et . X , T .
L S - SRR LT WU SOV UV NS SRS SHPURU S Lo o8
L I ‘ ! i ! L s
oo - o i [ i Ik -2~
; _ : w , ! b2
; e e e g e - - ey B s U o S & . -
- : | | i H M
[ . . e )
. " , ; " | | Lo 238
JUS— .W . 0 . : . -} [ e m -
4 ' i i i ! L O g
S ‘ _ S i 4 °Es
g - — -} - e : L _, y N S
N] : : i b i i m L=
u.,m : : ,, - -4 B sed Bl .
3 ; | ; : | ; ; m B 3 !
o ! e T A N INE T T B B o9 .m s
Ayl I ! ; ! s -
N ! i | L M el Mang
L i — SN DI : _ulfm}w R
w ! | - : : [
LT ! | i s : [V
.. SN S S AU AU KNG SUL S S J— )Lﬂ - :JF\.%.:Q» PO BN TN S 'm | TS
- R I 59
m ' : i | =
' : i ' oX
SRR S S S S I
: b
R Ialﬂ RN S w}..::. e m —_—
ﬁ |
: SRS S

&

a

o

el
L

|

ed

©

A-RDP78B047704002300030631-1"

1
i
1

1
R

:

;

Zobo
,;'_OLM._‘ . :'.

i

]
= {,

Approv

“Apprdved For Rélease 2005/05/03 : CI

AT

R
HAVHDISIA

BILINTUR
B3dVd HAVHD dW - MAEL ON

REDUVCED COODIMNATE



VISIGRAPH
MALE N WS A

§
a4
<
a
I
x
[ %
el
]
%
EE)
LE
:

-25-

02 : CIA-RDP78B04770A002300
"'],f hed S li 0

l i ‘
Ll
#WAT 0

Had

CRAIRAY

!
i
i

|

PO

Poks KL
=t Approve

d"Pot Release 2085/05/02 : C

RRDP78B04776A0023000300%1-1 2o

REDUCED Coogwinare (EXPANDED ScALE )

R
g
o " B
SR
Ly
B
. f, af@aél’mt I
S ;
o - %88 o
o) -352 i
: ;
o
S U S A . .
IR 170 ~‘ : . !
, GURE 10 | o
4 T )
i bf Figure 9



) -26-
Y. v Approved For Release 2005/05/02 : CIA-RDP78B04770A002300030031-1

where:

A Y
Wi~ Zkg NADS

(N.A),- numerical aperture of the analytical objcctive
4 - focal length of hypothetical lens
k - z*n'/1

4 - reduced object coordinate

When the numerical apertures of the analytical objective and the condenser are
matched, ‘
{

25 T w

where W = working distance of the objectives,

Glu) = 2‘~~-~~j‘~v-*~ e L T

S W
412 (nA), W

In order to determine the magnitude of @'(4) consider the following typical values for

microscope objectives:

(NS, \W)
Numerical Working 2
Aperture Distance w (N. A')p
-2
.1 38 mm 3.8x 10_2cm
.25 7 4,4 x 10 acm
.50 1.6 4.0x10: cm
.85 0.2 1.4x 10 "cm
. / 2 -2 -5
It is seen that W\N-P\-)o v 4.0 x 10 “cm and when A =5.5%x10 "cm:
"'?“\"“2 = 1.4x10-6cm
o IT
so that:
K = 3.5x107°
STAT Ill Report No, VE-1522-G-1, 13 February
1962, p. 1.3, Equation (L 3).
12

A, Hardy and F. Perrin, "The Principles of Optics, " (McGraw-Hill, 1932) p. 501,
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For values of [ul)< 560 the phase correction factor is less tha.n(l/lO) }\ .

When the usual tungsten source is employed, the phase factor is essentially
constant over the coherence length ( A = 10 ) and can be neglected. In the case
of the laser source the previous investigations entailed illuminated areas in the object
plane for which JW} € 8o  so that the phase factor can similarly be neglected. Conse-
quently in both cases it is reasonable to assume that the condenser and analytical objec-
tive lie in "conjugate planes', This conclusion is not valid when the coherent source
is employed with a wide illuminating slit. In this case the compensating phase factor

should be included in the object, unless only narrow image fields are of interest.

RECOMMENDATIONS FOR FUTURE WORK

Investigations should be made for other amplitude objects and for phase
objects. In addition, a more intensive study should be made of the illuminating
system including the possibility of employing phase apertures to "improve' the image
intensity distributions and also the effects produced by employing partially coherent

illumination of narrow illuminating apertures.
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